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Abstract 
Graphene nano-ribbons (GNRs) are promising materials for  
applications in the field of nanotechnology, which requires detailed 
control of the material  at  the atomic level.  Therefore, a detailed 
characterisation with atomic resolution is essential. Recently, the 
improvements of Electron Energy Loss Spectroscopy (EELS) 
technique made observation of electronic states in a single atom 
possible.  The interpretation of EELS spectra is  through fingerprint  
matching compared to the spect rum from the reference material , 
however,  so far there is no report to indicate the detailed spectral  
feature based on systematic investigation for the EELS spectra of 
GNRs. In this project, in order to demonstrate the characteristic 
spectral features for fingerprint , ab init io  EELS calculations for 
GNRs were performed for different  atomic sites, edge shapes, 
ribbon widths and edge modifications. As a result, theoretical EELS 
spectra showed the different spectral features for each condition . 
These relations indicate it  is possible to convert experimental data 
into the local atomic arrangement and chemical -bonding states  in 
GNRs. 
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1. Introduction 
1.1. Previous study of GNRs 
Graphene is a carbon material  that  is  only one atom thick and the 
basic structural element of all  other graphitic materials such as 
carbon nanotubes, and fullerenes.  If  graphene is rounded into a 
cylindrical  shape, it  will be a carbon nanotube. If graphene is rolled 
into a spherical shape, i t  will be a fullerene.  In recent years, the 
biggest attention is focused on graphene. This is because graphene 
have the highest  mechanical strength [1], extraordinary high 
thermal conductivity [2] and ultrahigh carrier mobility [3]. In 
particular, graphene is a zero-gap semiconductor [4] and is expected 
to be a technological alternat ive to sil icon semiconductors. For 
semiconducting application, band -gap opening is required.  One of 
the solutions is cutting graphene into narrow strips,  which is  known 
as graphene nano-ribbons (GNRs). GNRs are promising materials in 
the field of nanotechnology and the properties of GNRs are  known 
to be sensitive to local atomic configurations [5] [6] [7]. Therefore  
elemental identification and electronic state analysis at the atomic 
scale is  becoming increasingly important.  So far, the atomic 
configurations at  graphene edges have been investigated by 
transmission electron microscopy [8]  [9] and scanning probe 
techniques [10], but the electronic properties of these edge states 
have not yet been determined with atomic resolution.  
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1.2. State-of-the-art approach to the 
electronic states 
Electron Energy Loss Spectroscopy (EELS)  is an effective approach 
to investigate the electronic structure of carbon materials with high 
spatial and energy resolution . EELS is a spectroscopic technique to  
obtain structural,  chemical and electronic information about a 
sample in the STEM (Scanning Transmission Electron Microscope) . 
Figure 1.1 shows a schematic diagram of a STEM -based EELS 
system. The electron beam passes through the sample and some of 
the electrons interact with the sample.  The total amount of energy 
loss is measured as Electron Energy Loss Spectrum . Fine structure 
in an EELS spectrum originates from the transition from a core 
level to unoccupied states . This is  known as Energy Loss Near Edge 
Structure (ELNES). It  includes the detailed information of an 
electronic structure of a material.  
Recently, an experimental study of atom-by-atom EELS 
measurements for graphene edges was reported [11]. Using low-
voltage aberration-corrected STEM, they obtained the single-atom 
spectrum successfully without damaging the specimen by the 
electron beam. As a result,  the detection of different electronic 
states in individual  carbon atoms has become possible. They showed 
that  the EELS spectrum of each carbon atom depends on the local  
atomic structure  as seen in Figure 1.2(d).  In particular,  they showed 
that  EELS peaks  sensitively reflect  the electronic states derived 
from the local atomic structure  in the edge sites . In order to 
understand these spectra  accurately,  the support  from the theoretical  
calculations are needed. In particular, comparing several theoretical  
spectra which have been collected systematically will be an 
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extremely effective method to interpret  the detailed information, 
such as the atomic st ructure and electronic states from the spectrum.  
 
 
 
 
 
Figure 1.1: Schematic  diagram of STEM-based EELS system 
[12]  
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1.3. Purpose of this study 
In this project, we calculate theoretical EELS by means of the 
CASTEP first-principles modelling code [13] and show that the 
spectral feature depend on edge shape,  ribbon width, atomic site and 
chemical modification.  Moreover,  we clarify that the EELS data 
obtained systematically can  be used as a fingerprint of the GNRs. 
These data will be able to contribute to the analysis of future 
experimental work on GNRs and also expected to help the material  
design of the electronic device based on GNRs.
Figure 1.2:  Graphene edge spectroscopy  [11].  (a)  ADF image 
of  single graphene layer at  the edge region, and (b)atomic  
positions are marked by circles  in  a smoothed image. Scale  
bars are 0.5nm. (d)ELNES of  carbon K(1s) spectra taken at  
the colour-coordinated atom, respectively.  These different 
states of  atomic coordination are marked by coloured arrows 
in (a) and (b)  and il lustrated in (c).  
  
 
2. Basic Theory 
This chapter outlines the methods required of theoretical  EELS 
calculation. First,  the relationship between the EELS signal and the 
electronic state calculations is discussed. Next, Density Functional 
Theory (DFT) used for the electronic state calculations is presented. 
The DFT code used in this thesis  is CASTEP, which uses a plane-
wave pseudopotential code and employs periodic boundary 
conditions.  
2.1.  CASTEP EELS 
The EELS spectra are obtained from the partial  differential  cross 
section 
   
    
 which is expressed as [14]  
 
   
    
 
 
       
 
  
  {
  
      
} (2.1)   
where   {
  
     
}  represent the loss function including information 
about the energy loss process for an electron.         is the 
dielectric  function, and   and   are the momentum and angular 
frequency of the scattered electron, respectively.     is the sold 
angle,   is the electron charge and    is the Bohr radius . The loss 
function can be described as following:  
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   {
  
      
}   
       
                 
 (2.2)   
where         is the real  part  and         is the imaginary part  of 
the dielectric function. In the energy region of the core-level 
excitation,     ,       are obtained [15]. Therefore, the loss 
function is writ ten as following  [14] 
 
  {
  
      
}         
 
    
   
∑|〈 |      | 〉|
 
           
 
 (2.3)   
where 〈 |      | 〉 represent transition matrix elements including the 
core state   ⟩ and the final  state | ⟩ on an atomic state.    and    are 
the energies of the core state and final  states, respectively. Final 
states and energies are gained from DFT calculation by CASTEP , 
and the core states are reconstructed using PAW (Projector 
Augmented Wave) approach [16]. The DFT method will be 
discussed in the next section.  
2.2. Density Functional Theory 
Density Functional Theory (DFT) proved by Hohenberg and Kohn 
[17] could be applied by means of construction of the actual 
calculation method by Kohn and Sham.  The Kohn–Sham equation 
can be expressed as [18]  
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 [ 
  
  
       ]     (2.4)   
where      is  called the Kohn-Sham potential  and written as 
following 
                  (2.5)   
where      is  the external potential  (electron-nuclear interaction),     
is the Hartree energy (classical  electron-electron interactions),      is  
the exchange-correlation energy (quantum electron-electron 
interactions) .    and     are expressed as following 
       ∫
     
      
    (2.6)   
and 
     
    
  
 (2.7)   
where       is the electronic charge density at a point   ,  computed 
as               ,  and     is the energy of exchange and correlation 
of an interacting system. It  is not simple to express the exchange 
and correlation rigorously. Therefore , for this part ,  it  would be 
appropriate to rely on approximations.  
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2.3. Local Density Approximation 
In order to simplify the many-electron system by the density 
functional method, the exchange-correlation energy must  be given. 
The accurate value of the exchange-correlation energy can be 
obtained only in the case of homogeneous electron gas  (HEG) by 
means of using Quantum Monte Carlo (QMC) calculations  [19].  
Therefore the exchange-correlation energy is assumed the following 
functional forms [18]: 
     ∫                (2.8)   
              
          (2.9)   
where      is  electronic density,            is the exchange-correlation 
energy at a point r .    
          is the exchange-correlation energy at  
a point  r  in the homogeneous electron gas.  The Equations 2.8 and 
2.9 represent  the exchange-correlation energy at a point  r is treated 
as that of the homogeneous electron gas which has the same 
electron density at  a point r.  This approximation  is  called local 
density approximation (LDA) [20], and at first was considered to 
work well only in a system where the electron density is  slowly 
varying. However, in practice, the LDA has been outstandingly 
successful  in real  systems with inhomogeneous electron density.  
The reason for the successes and the limitations were discussed in 
detail by Gunnarsson et  al  [21].  
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2.4. Bloch’s theorem and plane wave 
basis set 
In order to perform the electronic state calculations in solids , a 
method to handle infinite crystal  structure is further required. In the 
crystal, the distance between atoms is periodic. Therefore, the 
external potential  at  a point r  fel t by the electrons is expressed as 
follows.  
             (2.10)   
where   is the crystal  period. In a system with periodic boundary 
condition, by using the Bloch ’s theorem [22],  it  is possible to 
obtain the solution of the Schrödinger equation. The wave function 
is written as  
        
          (2.11)   
 where       is a periodic function. Therefore it  can be expanded as 
a set of plane waves  
       ∑     
 
      
(2.12)   
where G is the reciprocal lattice vectors.        is the Fourier 
expansion coefficient  for the reciprocal lattice vector.  By 
substi tuting equation 2.12 into equation 2.11, the wavefunction is 
expressed as follows:   
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Hence the wavefunction is written as a sum of plane waves.  
 
2.5. Cut-off energy 
The equation 2.13 expanded by plane waves is  the sum for  
reciprocal lattice vectors G. Ideally,  it  is desirable to deal with  an 
infinite number of reciprocal lattice vectors, however it is 
impossible and  the sum must be limited  by the cutoff energy     .  
     is defined  
This is reasonable because as        ,           .  (See section 
3.2) 
2.6. k-point sampling 
In the periodic system, the integrals over the infinite system in the 
real space can be converted into the integrals over the first 
Brillouin zone in reciprocal space.  In this project, the Monkhorst -
Pack scheme [23] is used to approximate the integrals in the 
Brillouin zone by a summation over discrete sampling points,  called 
k-points . (See section 3.4)  
       ∑     
 
          
(2.13)   
 
        
  
      (2.14)   
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2.7. Pseudopotential approximation 
In order to further reduce the computational expense of the 
calculation, CASTEP code uses a pseudopotential method (see 
section 3.1). The pseudopotential is an approximated pot ential,  
which uses a potential function for the valence electron potential  
without directly dealing with the inner core electrons (=Carbon 1s 
in this thesis) near the nucleus. This is because in many properties 
or chemical reactions, inner core electrons d o not play an important 
role.  The valence wave function oscillates rapidly and has some 
nodes in the core region because i t must be orthogonal to the core 
state.  However, when a pseudopotential  is generated, these nodes 
are removed. As a result, a smooth and nodeless wave function is 
obtained, so that the cut -off energy can be reduced significantly.  
This leads to the reductions of the computational demand of a 
calculation without aﬀecting the results.  
However,  in the EELS calculation, the calculation of the  core level 
state is  required for the evaluation of the transition matrix element 
in the equation 2.3. For that  reason, the pseudofunction is 
transformed to the all electron wavefunction using the PAW method.  
Using the reconstructed wavefunction, the core level can be 
described, which enable the EELS signal to be calculated.  
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2.8. Alternative methods of 
calculating EELS 
Besides CASTEP, several  codes are known for calculating EELS  
using DFT. For instance, WIEN2k [24] is an all -electron DFT code 
and has shown the best agreement with experiment . However, in 
exchange for the high accuracy, the calculations require the most  
computational time.   
Some codes use the  DV-Xα method, as  used in the single-atom 
analysis by Suenaga et al  [11]. This is  less computer-time-
consuming than other DFT methods due to using Xα exchange -
correlation potential , but  on the other hand, the calculation 
accuracy is sacrificed to some extent.  The details  of the 
computational treatments of the DV-Xα method have been reported 
by Adachi et al  [25].   
In terms of CASTEP, unlike above-mentioned programs, it  is  not  
possible to calculate the absolute value of the loss -energy and the 
chemical shift because of the use of  pseudopotentials. However,  it  
is possible to calculate with relatively high speed in spite of being 
an ab initio  calculation and taking into account the exchange-
correlation potential . Moreover,  CASTEP EELS provides results 
with high accuracy. Che R. Seabourne et al  [26] have reported that 
it  is possible to obtain the spectra with CASTEP EELS with almost 
the same level of the accuracy as using WIEN2k.  
  
 
3. Theoretical Modelling 
3.1. Pseudopotentials 
In EELS calculations, when using the CASTEP code, an on-the-fly 
pseudopotential is  required for PAW reconstruction. The  
pseudopotential  is generated on-the-fly from a definition string. In 
order to determine the appropriate string, the pseudopotential  
convergence and the lattice constant  were tested for diamond and 
graphite models. As a result, the core radius and qc-tuning [27] 
required for generating these pseudopotentials  were determined to  
be 1.4    and 7  ,  respectively.  Table 3.1 shows the results of the tests .  
The latt ice constant calculated by using this  pseudopotential agrees 
with the experimental data  [28] [29] very well , and furthermore the 
pseudopotential  possesses sufficiently good convergence , as no 
art ificial ghost states appeared. The string obtained is  expressed as 
follows.  
"1 |1.4|9.187|11.025|12.862|20N:21L(qc=7)[]" 
where the first integer is the angular momentum quantum number of 
the local channel. The next number is the core radius Rc. The next 
three integers are the suggested cut -off energies for “coarse” ,  
“medium”  and “fine”  precision with this pseudopotential .  The next 
section indicates the electrons  treated as valence, specified by the 
principal and orbital  angular momentum numbers n and l , i .e.  20:21 
means treat 2s and 2p electrons as valence.  “N”  indicates the norm-
conservation.  
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In this project, the norm-conservation was used because originally a  
theoretical study by both EELS and Raman has been planned. (The 
ultrasoft  pseudopotentials are not supported in Raman calculation 
by CASTEP.)  ‘L’  indicates that this state is the local channel. The 
“qc=7”  in round brackets specifies the qc -tuning for the 
pseudopotential .  
Figure 3.1 shows the wavefunctions obtained by the all electron 
DFT calculations for constructions of pseudowavefunctions and the 
pseudowavefunctions generated by using the above string. The all  
electron wavefunction of 2s oscillate s inside the core radius Rc. 
This oscil lation maintains the orthogonality between 1s and 2s 
electrons.  Beyond the Rc, the pseudowavefunctions agree with the 
all electron wavefunctions. Inside Rc, the pseudowavefunctions are 
smoother than the all electron wavefunction. In this project,  we use 
this string for carbon atom in various structures consistently.  
In the case of performing EELS calculations, the pseudopotential  
for an excited state is needed because the incident electron beams 
excite electrons in materials. Hence, the excited pseudopotential for 
carbon atoms excited by incident electron beams is constructed for 
the atomic configuration 1s
1
2s
2
2p
2
 subtracted electron from 1s level.  
 
Table 3.1: Latt ice constants and the latt ice  constant error in 
diamond and graphite  model .  dEtot/dlog(Ecut)  represent the 
pseudopotential convergence.  
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Figure 3.1: All  electron and pseudowavefunctions for carbon 
atom. The core radius Rc=1.4 au.  
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3.2. Cut off energy 
In this section , we present the results of simulations of the lattice 
constant of graphite and diamond as seen in  Figure 3.2(a) (b) and 
Figure 3.3(a) respectively.  Figure 3.2(c) and Figure 3.3(b) show a 
metric for how well converged the total energy of the simulated cell  
is with respect to the cut off energy (dE t o t /dlog(Ecu t)) for graphite 
and diamond. The simulations were carried out using norm-
conserving pseudopotential  and LDA approximation. These results 
show that each lattice constant is in good agreement with  
experimental data at  a level of less than 0.5% error at 700eV and 
that the total energy is sufficiently converged with respect to cut -
off energy at  700eV. 
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Figure 3 .2:  Latt ice  constant of  graphite  (a)  in-plane and (b)  
along vertical direction for the graphite layer.  (c)  Metric  for 
how well converged the total energy of  the simulated cell  is  
with respect  to the cut off  energy for graphite .  
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Figure 3 .3:  (a) Latt ice constant  of  diamond. (b) Metric for 
how well converged the total energy of  the simulated cell  is  
with respect  to the cut off  energy for diamond.  
3 Theoretical Modelling
 
 
19 
 
3.3. Supercell size 
This section describes  how the size of the supercell was decided. In  
order to achieve EELS spectra i t  is  necessary to obtain the 
electronic structure of the excited state.  For this purpose,  the core 
hole should be included in the calculation. CASTEP imposes 
periodic boundary conditions to perform simulations,  and it  is 
therefore necessary to make the supercell big enough to minimise 
the interaction with neighbouring excited atoms.  Figure 3.4 shows 
the illustration of the interactions among excited atoms. To confirm 
the effect  of the interaction, EELS were to be calculated for 
diamond and graphite for different size s of supercells . For EELS 
spectra,  all the calculation was performed by CASTEP. For the 
exchange-correlation functional,  the Local Density Approximation 
(LDA) method was used.  The Fermi energy is set to zero. The 
smearing width is 0.2 eV.  
 
 
 
  
Figure 3.4: Il lustration of  the interaction among neighbouring 
excited atoms.  The red circles indicate excited atoms.  
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3.3.1. EELS spectra of carbon in 
diamond 
Figure 3.5(b) shows the EELS spectra  of diamond for different sizes 
of supercells. Figure 3.5(a) shows an experimental EELS spectrum 
for the sake of comparison, which has two distinct  peaks 
approximately 15eV away from each other and plateau between 
them. In Figure 3.5(b), the spectrum of the two atom model looks 
quite different from the others  as expected.  And then the spectra 
show a clear trend and converge as the size of the supercell  
increases . This is  because the interaction between neighbouring 
excited atoms decreases. The spectrum calculated with a 32 atoms 
supercell shows the features of the experimental spectrum and no 
significant change for 54 and 64 atoms models .  This indicates that  
the lattice of the 32 atom model is  big enough and the size of the 
lattice is 6.150   in each direction. In this case this result shows 
that  the size of supercell needed is approximately 6   at  least.  
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Figure 3.5: (a) Experimental EELS spectrum of diamond 
taken from [30].  (b) Calculated EELS spectra of  carbon in 
diamond for different supercell  s ize.   
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3.3.2. EELS spectra of carbon in 
graphite 
Figure 3.6(b) shows the EELS spectra of carbon in graphite for 
different sizes of supercells.  These spectra are remarkably different  
from the EELS spectra of carbon in diamond, reflecting the 
differences of the atomic and electronic structures.  Figure 3.6(a) 
shows an experimental EELS spectrum for comparison, which has 
two main features:  the sharp π*  peak and the broad σ*  peak, 
including a plateau. The π*  peak is caused by transitions from the 
carbon 1s core level to the anti-bonding state of π  bonding and the 
σ*  peak is caused by transitions from the carbon 1s core level to the 
anti-bonding state of σ  bonding. In Figure 3.6(b), these spectra also 
show a clear trend and converge as the size of the supercell  
increases . This is  because the interaction between neighbouring 
excited atoms decreases in the same way as the case of diamond. 
The spectrum calculated with a 36 atom supercell  shows the main 
features and no significant change for 64 and 100 atoms models . 
This indicates that the lattice of 36 atoms model is big enough and  
the size of the lattice is 7.363    in-plane direction. In this case this  
result shows that the size of supercell needed is approximately 7   
at least.  
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Figure 3.6: (a) Experimental EELS spectrum of graphite  
taken from [30].  (b) Calculated EELS spectra of  carbon in 
graphite for different supercell  s ize.  
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3.3.3. Conclusion 
In this chapter,  EELS calculations with different  cell  size for 
diamond and graphite were performed in order to investigate  the 
effect of the interaction between neighbouring excited atoms. As a 
result , in the EELS calculations  for carbon materials, the minimum 
cell size to ignore the effect of the interaction was more than 
approximately 7   .  Hence in all  subsequent calculations,  the unit  
cell was always chosen to be larger than this .  
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3.4. k-point sampling 
In order to determine the sampling number of k -point, the EELS 
calculations for both diamond and graphene were performed. Figure 
3.7 displays a series of EELS spectra calculated for a 54 -atom 
diamond model for different numbers of k-points . Figure 3.8 shows 
the structural  model of graphene and Figure 3.9 displays a series of 
EELS spectra calculated for the graphene model for different 
numbers of k-points. For the 54-atom diamond model, the 
convergence of the EELS spectrum is complete by a 6x6x6 k-point  
mesh with k-point spacing of  0.020     -1 .  For the 18-atom 
graphene model, the convergence of the EELS spectrum is achieved 
by a 8x8x1 k-point mesh with k-point spacing of 0.020    -1 .  From 
these results, the k-point spacing required for  EELS calculations of 
carbon materials is preferably less than 0.020    -1 .  
 
 
Figure 3.7: EELS spectra of  54-atom diamond model .  
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Figure 3.8: Structural  model of  graphene.  (3x3 supercell  of  
graphene)  
Figure 3.9: EELS spectra of  graphene for different numbers 
of  k-points.  
  
 
4. Atomistic structure and 
magnetism of GNRs 
Graphene nano-ribbons are divided into two classes . Figure 5.1 
shows GNRs with (a) armchair (AGNR) and (b) zigzag edge  
(ZGNR). The width N of a ribbon is commonly measured by the 
number of dimers or zigzag lines  [31]. Several theoretical  
investigations of the edge structure and the stabil ity in GNRs have 
been carried out  and the most stable structures were reported  [32] 
[33]. However,  in the experiments,  the GNRs which are not the most 
stable have been observed as well,  including non -passivated edge 
structure [8].  
Therefore, in this section,  we will  focus on the clean zigzag and 
armchair edge as the basic structure at  first ,  and then reveal the 
features at the atomic level. In addition, we also investigate the 
effect on both the structure and the magnetism by the edge 
modification such as hydrogen modification, reconstructed edges 
and the Klein edge.  
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4.1. Armchair GNRs 
In this section, the features of the atomistic structures of AGNRs 
with and without hydrogen passivation  are reported. AGNRs do not 
show the magnetic structures  regardless of the edge modification. 
  
Figure 4 .1: Graphene nano-ribbons with (a)  armchair and (b)  
zigzag edge for width N.  
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4.1.1. Non-passivation 
Figure 4.2 shows the relaxed structures of the ribbon width with 
N=5-9. In these structures,  each grey spheres represents the position 
of carbon atoms.  Solid lines represent σ  bonds. A carbon atom in 
the interior region of GNRs has two interchain bonds and one 
intrachain bond with its nearest neighbours. At the edge atom, it has 
one intrachain bond and one interchain bond.  The edge relaxation 
contracts the intrachain bonds at the edge by 0.18   compared to the 
bond in the bulk. The bond length is  reduced to 1.23  ,  which is 
close to the triple bond of acetylene (1.21   ). The presence of triple  
bonds at the edge of armchair ribbons have been reported in 
previous studies  [34], therefore it  is  considered reasonable to 
presume that  these short bonds are triple bonds. This structural  
change is independent of the  ribbon width investigated for N=5 to 9.  
This effect  comes from the lack of a bonding counterpart  in an 
interchain bond, which generates both the dangling bond of σ  
orbital  at the edge and the nonbonding part  of the π orbital at the 
edge.  Figure 4.3 shows the bond-length change from the edge to 
internal si te in 9-AGNR. The blue circle indicates intrachain bond 
length and the red triangle indicates the interchain-bond length. The 
dashed l ine indicates the bond length in graphene. The horizontal  
axis is  the bond number which is indicated at  N=9 ribbon in Figure 
4.2. Moving away from the edge, the short bond at the edge , 
especially interchain bond,  converges to the bond of bulk graphene 
rapidly.  
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Figure 4.2: The relaxed structure of  N -AGNR. In N=9 the blue 
numeral indicate the bond number of  intrachain bonds and 
the red numeral indicates  the bond number of  interchain 
bonds.  
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4.1.2. Hydrogen passivation 
Figure 4.4 shows the relaxed structures of (a) mono-hydrogenated 
5-AGNR, (b) dihydrogenated 5-AGNR, and (c) the side view of 
dihydrogenated 5-AGNR. Dark circle denote carbon atoms and open 
circles represent hydrogen atoms. Solid l ines represent a section of 
a unit  cell in plane with the ribbons . The two edges of the each 
structure have the same configurations. The mono-hydrogenated 
GNRs are in-plane and each edge carbon atom is bonded to a 
hydrogen atom. Compared to the edge interchain bonds of the non -
passivated AGNR, the length of the edge interchain bonds  of the 
mono-hydrogenated AGNR is expanded to 1.37  ,  which is close to 
the double bond of ethylene (1.34   ). In the dihydrogenated GNRs,  
each edge carbon atom form sp3 hybridised orbitals  instead of sp2 
hybridised orbitals and has bonds with two hydrogen atoms and two 
neighboring carbon atoms.  The plane which two hydrogen atoms and 
one edge carbon atom make is perpendicular to the graphene sheet.  
Figure 4.3: The bond-length change from the edge to internal  
site in 9-AGNR. The blue circle indicates intrachain bond 
length and the red triangle  indicates  interchain bond length.  
The dashed line indicates the bond length in bulk graphene.  
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The length of the edge interchain bonds of the dihydrogenated 
AGNR is expanded to 1.53  ,  which is close to the single bond of 
ethane (1.52   ).  
Figure 4.5 shows the computed total -energy differences of the 
system: 
 
      
        
      (4.1)   
 
   
                              (4.2)   
 
where         is the energy of the unit  cell  of GNRs including 
passivated hydrogen atoms,                 is the energy in the 
hydrogen reservoir and the notation n means the number of 
hydrogen atoms per each edge atom. In case of adding three or more 
hydrogen atoms to an edge carbon atom we confirmed hydrogen-
desorption occur. In the unit  cell , there are four edge carbon atoms, 
therefore the maximum hydrogen molecules in the reservoir are set  
to four.           is the energy of the isolated hydrogen molecule 
(=-30.962 eV). The system contains 10 carbon atoms and 8 
hydrogen atoms.        can be used to determine the stability of 
hydrogen passivation.  By the hydrogenation on the edge carbon 
atom of non-passivated AGNR, total  energy of hydrogenated 
AGNRs is stabilized energetically.  In this system, the most stable 
structure is found to be dihydrogenated AGNRs.  
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Figure 4.4: The structure of  (a) mono-hydrogenated 5-AGNR, 
(b) dihydrogenated  5-AGNR and (c) the s ide view of  
dihydrogenated 5-AGNR. 
Figure 4.5: The total -energy differences of  the system 
including  both AGNR consisted of  10 carbon atoms and 8 
hydrogen atoms.  
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4.2. Zigzag GNRs 
In this section, the features of the atomistic structures of ZGNRs 
with non-passivation,  self-passivation, hydrogen passivation and 
Klein edge are reported. Especially, in terms of hydrogen 
modification, energetic stability is  reported.  
4.2.1. Non-passivation 
The structural  relaxation with spin polarisation is performed in the 
ribbon width with N=3-7. Figure 4.6 shows the relaxed structures of 
N-ZGNR. A carbon atom in the interior region of GNRs has two 
intrachain bonds and one interchain bond with its nearest 
neighbours.  At the edge atom, it has on ly intrachain bonds.  The 
edge relaxation contracts the intrachain bonds at  the edge by 0.04   
compared to the bond in the bulk.  As a result,  interchain bonds 
expand. This structural  change is independent of the ribbon width 
with N=3 to 7.  This effect comes from the lack of a bonding 
counterpart  in an interchain bond, which generates  both the 
dangling bond of σ  orbital at  the edge and the nonbonding part of 
the π orbital at the edge.  Figure 4.6 shows the bond-length change 
from the edge to internal site in 7-ZGNR. The blue circle indicates 
intrachain-bond length and the red triangle indicates the interchain -
bond length. The dashed line indicates the bond length in  bulk 
graphene. The horizontal  axis is  the bond number which is indicated 
at N=7 ribbon in Figure 4.6. Moving away from the edge, both the 
short bond of the intrachain bond and the long bond of interchain 
bond converge to the bond of bulk graphene rapidly.   
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Figure 4.6: The relaxed structure of  N-ZGNR. In N=7 the blue 
numeral indicates the bond number of  intrachain bonds and 
the red numeral indicates  the bond number of  interchain 
bonds.  The dashed l ines indicate the unit cells.  
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 N=3 N=5 N=7 
⊿E (eV/edge carbon atom) -0.09 -0.11 -0.11 
Integrated absolute spin density 
(electrons/  
 ) 
2.556 2.741 2.801 
 
  
Figure 4.7: The bond-length change from the edge to internal  
site in 7 -ZGNR. The blue circle indicates intrachain bond 
length and the red triangle  indicates  interchain bond length.  
The dashed line indicates the bond length in bulk graphene.  
 
Table 4.1: Stabil ised Energy by spin polarisation ⊿E and 
integrated spin density for ribbon width N =  3,  5,  7.  The spin  
densities are for the unit cel ls  shown in Figure 4.6.   
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Regarding spin polarisation, the different spin configurations and 
the relative energies a re investigated. As a result the spin moment 
on the carbon atoms on one edge are found to be antialigned to the 
spin moment on the opposite edge  and i t is energetically favourable.  
The total  magnetisation of the ribbon is zero and the spin 
configuration is  an antiferromagnetic (AF).  Figure 4.8 shows the 
isovalue surface of the spin density in 3,  5 and 7-ZGNRs. The 
isovalue is 0.06             
 ,  where    is Bohr radius. The spin-
polarised electronic states localise on the both e dges and the spin 
configurations are independent of the ribbon width. Table 4.1 shows 
the stabilised energy per edge carbon atom by spin polarisation ⊿E 
and the integrated spin density. This magnetic order stabilised  the 
energy by approximately 0.1 eV per edge carbon atom within the 
ribbon width N=3-7. The integrated spin density shows the 
dependence on the ribbon width and increase slightly as the widths 
become wider.  
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Figure 4.8: Isovalue surface of  the spin density calculated 
from spin-polarised s imulation in AGNR with different widths 
N=3, 5,  7 .  The isovalue is 0.06             
 .  Colour code: red,  
αspin density; blue, βspin density.  
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4.2.2. Self-passivation 
From the energetic point of view, two neighbouring hexagons of the 
bare zigzag edge may reconstruct and transform to the structure of a 
pentagon and a heptagon. This edge structure is known as Stone-
Wales (SW) defect  [35] and energetically favourable over the bare 
zigzag edge [36] [37]. Figure 4.9 shows the relaxed structure  of 7-
GNR with (a) bare zigzag edge and (b) reconstructed edge. The 
structural  relaxations on reconstructed ZGNR are performed in the 
ribbon width with N=3-7. These structures are stabilised in non-
magnetic ground state  and by 0.4 eV per edge carbon atom. The 
edge structures have triple bonds in the armrests as well  as bare 
AGNRs. The length of the bond is 1.24    independent of the ribbon 
width investigated N=3-7. The structure of reconstructed ZGNR is 
favourable due to the presence of these triple bonds instead of 
dangling bonds in bare zigzag edges.  
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4.2.3. Hydrogen passivation 
Figure 4.10 shows (Left) the relaxed structures and (Right) spin 
density plot  (Isovalue is 0.06 electrons/  
 ) of (a) non-passivated 5-
ZGNR as a reference (b) mono-hydrogenated 5-ZGNR, (c) 
dihydrogenated 5-ZGNR, and (d) the side view of dihydrogenated 5-
ZGNR. The two edges of the each structure have the same 
configurations. The mono-hydrogenated GNRs are in -plane and each 
edge carbon atom is bonded to a hydrogen atom.  In the 
dihydrogenated GNRs, each carbon edge atom has bonds with two 
hydrogen atoms and two neighboring carbon atoms.  The plane which 
Figure 4.9: Schematics of  7-GNRs with (a)  bare zigzag edge 
and (b) reconstructed edge .  
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two hydrogen atoms and one carbon atom make is perpendicular to 
the graphene sheet.  
Regarding spin polarisation, the different spin configurations and 
the relative energies are investigated. As a result, i n mono-
hydrogenated 5-ZGNR, the spin moment on the C atoms on one edge 
are antialigned to the spin moment on the opposite edge  same as 
non-passivated ZGNRs. The total  magnetisation of the ribbon is 
zero and the spin configuration is an antiferromagnetic (AF). The 
dihydrogenated 5-ZGNR is found to be non-magnetic.  The 
decreasing trend of spin density with the number of the addition of 
hydrogen is confirmed clearly.  Table 4.2 shows the stabilised 
energy per edge carbon atom by spin polarisation ⊿ E and the 
integrated spin density.  
Figure 4.11 shows the computed total -energy differences of the 
system given by equation 4.1. In the present case,  total energy of 
the system is described below.  
 
   
                             (4.3)   
 
where         is the energy of the unit  cell  of GNRs  including 
passivated hydrogen atoms,                is the energy in the 
hydrogen reservoir and the notation n means the number of 
hydrogen atoms per each edge atom. In case of adding three or more 
hydrogen atoms to an edge carbon atom we confirmed  the hydrogen-
desorption occur.  In the unit cell,  there are  two edge carbon atoms, 
therefore the maximum hydrogen molecules in the reservoir are set  
to two.           is the energy of hydrogen molecule (= -30.962 eV). 
The system contains 10 carbon atoms and 4  hydrogen atoms.        
can be used to determine the stability of hydrogen passivation. By 
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the hydrogenation on the edge carbon atom of non -passivated ZGNR, 
total  energy of hydrogenated ZGNRs is stabilized energetically.  In 
this system, the most stable structure is dihydrogenated ZGNRs. 
 
 
Figure 4.10: (Left)  Atomic configurations and (Right) spin 
density plot  (Isovalue is  0.03 electrons/  
 )  for 5-ZGNRs with 
(a)Non-passivation as a reference,  (b) Mono-hydrogenation,  
(c)Di-hydrogenat ion,  and (d)side view of  atomic configuration 
of  di-hydrogenated 5 -ZGNR. Dashed l ines represent a section 
of  a unit  cell  in the ribbon plane. α  (β) spin are represented 
by red (blue).  
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 n=0 n=1 n=2 
⊿E  
(eV/edge C atom) 
-0.11 -0.11 0 
Integrated absolute spin density 
(electrons/  
 ) 
2.741 0.585 0 
Magnetism AFM AFM 
Non- 
magnetism 
 
 
 
 
 
 
 
Table 4.2: Stabil ised energies by spin polarisation ⊿E and 
integrated  spin density for the different number of  hydrogen 
atoms added on the edge carbon atom. The spin densit ies  are 
for the unit cel ls shown in Figure 4.10.   
Figure 4 .11:  The total-energy differences of  the system 
including both ZGNR consisted of  10 carbon atoms and 4 
hydrogen atoms.  
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4.2.4. Klein edge GNRs 
Klein edge [38] is defined as an atomic configuration of zigzag 
edge which each carbon atom is bonded to  an additional carbon 
atom. Klein edge has been experimentally identif ied by different  
techniques,  such as high resolution transmission electron 
microscopy [8],  scanning tunnelling microscopy [39],  and atom-
resolved EELS spectroscopy [11]. Figure 4.12 (a) shows schematics 
of GNR with the bare Klein edge. The bare Klein edge is  not 
favoured energetically because the edge atoms have dangling bonds. 
Figure 4.12 (b) shows the reconstructed Klein edge  in which 
geometry optimisation is performed with the bare Klein edge 
structure.  The two neighbouring bare Klein edges transform a five-
membered ring including the triple bond at the armrest . As a result ,  
this edge reconstruction is found to lower its energy by 0.35 
eV/atom. 
 
 
 
  
Figure 4.12:  Schematics of  GNRs with (a)  bare Klein edge and 
(b) reconstructed edge . 
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Figure 4.13 shows the relaxed structures of GNRs with (a) mono-
hydrogenated Klein edge,  (c) dihydrogenated Klein edge and (e) 
trihydrogenated Klein edge. (b), (d), (f) show the side view of (a),  
(c),  (e),  respectively. Figure 4.14 shows the computed total -energy 
differences of the system for the case of hydrogen passivation  given 
by equation 4.1. In the present case, total energy of the system is 
described below. :  
 
   
                             (4.4)   
 
where         is the energy of the unit  cell  of GNRs  including 
passivated hydrogen  atoms,                is the energy in the 
hydrogen reservoir and the notation n means the number of 
hydrogen atoms per each edge atom.  In case of adding four 
hydrogen atoms to an edge carbon atom we confirmed it is  
energetically unfavorable. In the unit  cell, there are two edge 
carbon atoms, therefore the maximum hydrogen molecules in the 
reservoir  are set  to four.            is  the energy of hydrogen 
molecule (=-30.962 eV). The system contains 8 carbon and 8 
hydrogen atoms.   
      can be used to determine the st ability of 
hydrogen passivation. In this system, the most stable structure is  
trihydrogenated Klein edge structure , which stabilised in non-
magnetic ground state .  
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Figure 4.13: Schematics of  GNRs with (a)  mono-hydrogenated  
Klein edge,  (c) dihydrogenated Klein edge and (e)  
trihydrogenated Klein edge . (b) ,  (d) ,  (f )  show the side view of  
(a),  (c),  (e),  respectively.  Dashed l ine represents a  section of  a  
unit cel l  in the ribbon plane.  
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4.3. Conclusions 
In conclusion, we have reported the systematic study of atomic 
structures of GNRs. Ab initio  DFT calculations indicate that the 
ribbon edges are stabilised by full saturation of all carbon dangling 
bonds in each system such as armchair and zigzag . In order to 
compare these different edge structures,  the edge energy is defined   
       
               
            
         
      
  
     (2.15)   
where   ,    ,    
    
 are the number of carbon atoms, hydrogen 
atoms, and edge carbon atoms per unit cell , respectively.         is 
the total energy per unit cell in the ground state.  
Figure 4 .14:  The total -energy differences of  the system 
including  both GNR consisted of  8  carbon atoms and 8 
hydrogen atoms.  
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 = -158.530 eV/atom and       
      
 = -15.481 eV/atom are 
total  energies of a carbon atom in garphene and a hydrogen atom in 
the H2  molecule.  These edge energies can compare with different 
structures and previous data  [32] [33] [36] [7]. Figure 4.15 shows 
the edge energies of the ribbons without hydrogen atoms. Energies 
are plotted as a function of the ribbon width s.  These energies are 
nearly independent of the ribbon widths and the ener getic stabilities 
can be determined by the edge shape.  Energy of zigzag ribbons is 
approximately 1 eV higher than the others. This can be understood 
that zigzag edges have dangling bonds and the others have triple 
bonds instead of dangling bonds.  Table 4.3 shows the summary of 
the edge energies and magnetism for all different edge shapes 
within this work and Figure 4.16 shows the corresponding edge 
energies in a graph for easy comparison.  These results indicate that  
the armchair ribbon by two hydrogen atoms is the most stable 
within this work.  With regard to magnetic properties, only ZGNRs 
unsaturated by hydrogen exhibit the magnetism 
(antiferromagnetism).  
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Figure 4 .15:  The edge energies of  the ribbons  without 
hydrogen passivation .  Energies are plotted as a fu nction of  
the ribbon widths.  Zigazag, Recz and Armchair represent 
ZGNRs, reconstructed ZGNRs and AGNRs, respectively.  
Figure 4 .16:  The edge energies of  the ribbons for al l  structure 
within this work.  K,  z,  a,  recz represent GNRs with Klein 
edge, zigzag edge, armchair edge, reconstructed zigzag edge, 
respectively.  H represent hydrogen atoms added on an edge  
carbon atoms. The small edge energy indicates  that the edge 
formation is more stable.  
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 Edge energy (eV/atom) Magnetism 
Zigzag 3.469 AF 
Zigzag+H 0.223 AF 
Zigzag+2H -0.078 Non 
Armchair 2.287 Non 
Armchair+H 0.050 Non 
Armchair+2H -0.357 Non 
Reconstructed Zigzag 2.574 Non 
Klein+H 2.928 Non 
Klein+2H 1.166 Non 
Klein+3H 0.753 Non 
 
 
Table 4.3:  Summary of  the edge energies  and magnetism.  
Edge energies  are calculated by dividing the total  energy by 
the number of  edge carbon atoms.  The small edge energy 
indicates that the edge formation is more stable.  
  
 
5. Electronic structure and 
EELS spectra of GNRs 
In this chapter, we will  focus our attention on the unoccupied 
electronic states of GNRs. As shown in chapter 4, the atomistic 
structures of GNRs are  optimised for the different edge structures 
and modifications. This section deals with the theoretical EELS for 
GNRs which were relaxed. In particular, we have investigated  the 
dependence of the edge structure, including armchair, zigzag, and 
Klein edges, the core excitation on the different atomic si tes, and 
the passivation, which has been examined for different width N.  
In addition, in order to understand electronic state in detail, we 
report the polarised EELS which are obtain by polarising the 
orientation of the incident electron beam. Since GNRs are 
anisotropic materials, it  is  strongly reflected in the high-
directionali ty of i ts  orbitals .  It  is therefore possible to discuss the 
origin of some EELS features in terms of σ*  and π*  orbitals.  
For the conditions of EELS calculations,  all  the calculation in this 
work was performed by CASTEP. For the exchange -correlation 
functional, the Local Density Approximation (LDA) method was 
used. For each GNRs model, based on the results of the Chapter 3,  
the ribbon length is built more than 7   and the layers were 
separated by 7    vacuum spaces and along the ribbon width 
direction, over 5    vacuum spaces was installed  (see Appendix B). 
The Brillouin zones of the GNR unit cell are sampled by 
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Monkhorst-Pack grids of the form 1 x k x 1, which k is set so that 
the maximum spacing between k points in the periodic direction y is  
0.020      .   For EELS spectra, the Fermi energy was set to zero 
and smearing width is  0.2 eV. The intensity of spectra were 
normalised by using the area in the range of approximately 0-60eV. 
 
5.1. Armchair GNRs (AGNRs) 
The theoretical EELS calculations are performed for  different 
ribbon width with non-passivation and hydrogen passivat ion in 
AGNRs. In this section, we report  the calculated EELS spectra and 
the dependence on the atomic site, ribbon width and the edge 
modification.  
 
5.1.1. Non-passivation 
The relaxed structures of non-passivated AGNRs with different 
width N = 5-9 were showed in Figure 4.2. The characteristic feature 
is a triple bond which eliminates the dangling bond at the edge. 
First,  by performing EELS calculations systematically, we 
demonstrate the relationship between the EELS spectrum and the 
ribbon width. Next,  we pay attention to the edge structure  which is 
characteristic of non-passivated AGNRs, and analyse in detail .    
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5.1.1.1. Ribbon width 
Figure 5.1 shows the results of total EELS spectra with 5 different 
ribbon widths. Each spectrum is obtained by averaging the 
corresponding spectra for the symmetry-independent carbon atoms, 
and the chemical shifts are not taken into account in the individual 
spectra. As a consequence, the total  spectra may contain about 2eV 
ambiguity at  most  [40]. The top plot  indicates the calculated EELS 
spectrum of an infinite sheet of  graphene for reference purposes. 
The features of  each curve converge slowly to the EELS spectrum 
of the graphene sheet as the ribbon width becomes wider. Therefore,  
in the spectra of the ribbons, the second peaks around 2 eV and the 
peaks around 7-11 eV can be identified as the π* peaks and σ* 
peaks respectively. Note that the first peak around 0 eV appear s in 
EELS spectra for al l ribbon widths although there are no similar 
signal below the π* peak  graphene.  These peaks can be predicted to 
come from the edge carbon atoms because these first  peaks are the 
new feature in the ribbons and also the intensities of these peaks 
decrease as the ribbon width become wider.  Next, we will  focus on 
the ribbon width N=9 as an example AGNR in order to undertake 
the detailed analysis.  (The atomic resolved EELS spectra of N=5-8 
are shown in Appendix A.)  
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5.1.1.2. Atomic resolved and 
polarised spectroscopy 
Figure 5.2 shows (a) the relaxed structure of the non-passivated 9-
AGNR and (b) the atomic resolved  EELS spectra. In this case,  
independent EELS calculations were performed with the core-hole 
inserted into one of the five distinct  atoms in different 
environments (labelled by the number 1 to 5).  The EELS 
calculations were performed for each atom. Each spectrum was 
normalised by the area under the EELS spectra so that  total 
integrated EELS =1. A total spectrum is obtained by averaging over 
Figure 5 .1:  EELS spectra of  AGNRs for various widths N=5-9.  
The top l ine is the EELS spectrum of an infinite sheet of  
graphene.  
5 Electronic structure and EELS spectra of GNRs
 
 
55 
 
the individual spectra.  Figure 5.3 shows the results of EELS 
calculations with polarised electric ﬁeld  and orientation in the 
direction of the (a) X, (b) Y and (c) Z-axis respectively.  In bulk 
graphene, only when the direction of applied electric ﬁeld is in 
plane of graphene sheet , transit ion into the anti-bonding states of σ  
symmetry in X-Y plane can be allowed. When the direct ion of 
applied electric ﬁeld is Z axis, transit ion into the anti-bonding 
states of π symmetry  is  al lowed. However, non-passivated AGNRs 
have the triple bonds at  the edge and are expected to be allowed to 
transition into the anti-bonding states of π symmetry in the X-Y 
plane. In Figure 5.2,  the four peaks are labelled by P1 to P4 in  the 
total  spectrum. These atomic resolved spectra show the first  peak at 
the edge carbon atom (labelled by the number 1 ) makes a big 
contribution to the peak P1 in the total spectrum. In Figure 5.3, this 
first peak from the edge atom is observed in (a) X-direction. 
Therefore this peak can be assigned to the transition into the anti -
bonding π state of the triple bonds in X-Y plane. The peak 
corresponding to the peak P2 is present in the spectra of each atom 
and appears in the (c) Z-direction. Therefore the peak P2 can be 
assigned to π*  peak. In Figure 5.3, the peaks P3 and P4 mainly 
appear in the (a) X-direction and (b) Y-direction, respectively.  
Therefore these peaks can be assigned to σ* peak. Particularly,  
considering the polarisation direc tion, the peaks P3 and P4 mostly 
come from the interchain and the intrachain bonds , respectively.   
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Figure 5.2: (a) The relaxed structure of  non-passivated 9-
AGNR and (b) EELS spectrum for each core-hole atom. The 
top plot shows the total spectrum averaged over al l  possible  
core-hole sites.  
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Figure 5.3:  Polarised EELS spectra with the direction (a)  X-
axis,  (b) Y-axis ,  (c)  Z-axis.  The top plots show the total  
spectra averaged over al l  possible core -hole  sites.  
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5.1.2. Hydrogen passivation 
The relaxed structures of AGNRs with the different number of 
hydrogen atoms bonded to the edge carbon atom are shown in 
Figure 4.4.  In this section, by performing EELS calculations 
systematically,  we demonstrate the effect of hydrogen modification 
at the edge on the EELS spectra, and analyse the results  in terms of 
the electronic states.   
Figure 5.4 shows the total  spectra of two different widths in mono-
hydrogenated AGNRs. The π* and σ* peak are clearly observed.  By 
contrast with the case of bare AGNR s, the spectral dependence on 
ribbon width is extremely small.  The EELS spectrum largely 
reflects the state of the edge structure in the narrow ribbon  because 
the proportion of the edge structure is relatively large.  However, in 
the hydrogenated AGNR, the spectral change is small  even in a 
narrow ribbon N = 5. This can be understood from the fact that the 
distortion of the hexagonal structure at  the edge is small  because 
the triple bond is eliminated by the addition of hydrogen  atom. 
Figure 5.5 shows the total EELS spectra of 8-AGNR with non-
passivation for reference purposes, mono-hydrogenation and di -
hydrogenation. The number of hydrogen atoms bonded to each edge 
carbon atom has a dramati c influence on the EELS spectra. Each 
spectrum can be clearly distinguished. Especially,  the first peak at  
the non-passivated ribbon is destroyed by adding hydrogen atom on 
the edge carbon atom. In di-hydrogenated ribbon, two prominent 
peaks appear between π* and σ* peaks. They are also identifiable 
features.  In order to proceed with a detailed analysis,  we focus on 
atom-resolved EELS spectra in each spectrum.  
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Figure 5.4: Total EELS spectra of  5  and 8-AGNR with mono-
hydrogenation.  
Figure 5.5: Total EELS spectra of  8-AGNR with non-
passivation for reference purposes ,  mono-hydrogenation and 
di-hydrogenation.  
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5.1.2.1. Mono-hydrogenation 
Figure 5.6 (a) shows the relaxed structure of mono-hydrogenated 5-
AGNR. The three distinct atomic si tes  in different environments of 
this supercell are labelled as 1,  2 and 3.  The X and Y -axes are in-
plane and the Z-axis is perpendicular to the graphene nano -ribbons. 
(b) shows the results of EELS calculations for core-hole on atoms 
labelled 1, 2 and 3 with unpolarised electric field. The top plot is  
the total EELS spectrum which is obtained by averaging over the 
individual spectra.  
Figure 5.7 (a), (b) and (c) show the results of EELS calculations for  
core-hole on 1,  2 and 3 with polarised electric field and the 
orientation in the direction of the X, Y and Z -axis respectively.  
When the direction of applied electric field is  X and Y axis,  
transition into the σ* orbitals  is allowed. When the direction of 
applied electric field is  Z axis,  transit ion into the anti-bonding 
states of π* orbitals  is  allowed. The σ* peaks in Figure 5.6 (b) 
obtained from the different atomic sites can be observed in X and Y 
direction in Figure 5.7 as expected. The peaks below σ* peak, 
approximately below 7eV, are shown in Figure 5.7 (c). Due to 
polarisation in the Z-direction, these peaks can be assigned to a 
transition into the anti-bonding π* states. However, in this area, a 
new peak which isn’t  observed in bare AGNR appears at 
approximately 4 eV in X and Y-direction as seen in Figure 5.7 
(a)(b). These peaks are assigned to the σ* of bonding between 
carbon and hydrogen atoms because it  is  a new feature at  the edge 
carbon atom and appears only in X-Y plane.  
Figure 5.8 shows the projected density-of-states (PDOS) for excited 
edge carbon atom in hydrogen passivated 5-AGNR. In order to 
compare the peaks,  the atom-resolved EELS spectrum for the  same 
atom is shown in the upper plot . As seen in Eq 2.1 and 2.3, the 
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EELS signal is  proportional  to a product of the DOS term and the 
transition matrix element.  Therefore the DOS make a strong 
contribution to the EELS spectra.  Moreover,  only the p density-of -
states needs to be considered in this thesis due to the dipole 
selection rule. In Figure 5.8 the EELS spectrum reflects the peak 
separations and intensities of p orbitals in PDOS very well . This 
indicates that from the experimental  point of view, EELS can probe 
the unoccupied PDOS directly,  and from the theoretical point  of 
view, the further information of the EELS peak can be obtained by 
reference to the PDOS. 
Below approximately 3 eV in PDOS, these bands are contributed by 
the only p orbitals.  Above approximately 3 eV, these bands are 
contributed by hybrid orbitals  formed by the mixture of s and p 
orbitals. Namely, in the EELS spectrum, the peaks b elow 
approximately 3 eV are the transition into the anti-bonding π* states 
composed of only p orbitals and the two large peaks above 
approximately 3 eV are the transit ion into the anti-bonding σ* states 
composed of hybrid orbitals  formed by the mixture of s and p 
orbitals. These data of unoccupied electronic states indicates the 
origins of the EELS peaks clearly and shows that there is good 
evidence that the peak assignments are reasonable.  
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Figure 5.6: (a) A relaxed structure of  mono -hydrogenated 5 -
AGNR  (b) the atom-resolved EELS spectrum. The top line  
shows the total  spectrum averaged over al l  possible  core -hole  
sites.  
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Figure 5.7: Polarised EELS spectra with (a)  X-axis,  (b) Y-axis,  
(c) Z-axis.  The top plots show the total spectra averaged over 
all  possible core-hole sites .  
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5.1.2.2. Di-hydrogenation 
Figure 5.9 shows (a) the relaxed structure of the di -hydrogen 
passivated 8-AGNR and (b) the atomic resolved EELS spectra. In  
this case, independent core -holes were inserted into four distinct 
atomic sites in different environments.  The EELS calculations were 
performed for each atomic site.  Each spectrum was normalised by 
the area under the EELS spectra so that total  integrated EELS =1. A 
total  spectrum is obtained by averaging over th e individual spectra.  
Figure 5.10 shows the results of EELS calculations with polarised 
electric ﬁeld and orientation in the direction of the (a) X, (b ) Y and 
(c) Z-axis respectively.   
Figure 5.8: (Above) Theoretical EELS spectrum and (Below) 
projected density -of-states (PDOS) for excited edge carbon 
atom in mono-hydrogenated 5-AGNR. 
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The π* and σ* peaks are clearly observed in the total  EELS 
spectrum as seen in Figure 5.9(b). As expected, these peaks also can 
be seen in the direction of Z axis and X-Y plane in Figure 5.10, 
respectively.  The two peaks between π* and σ* peak are labelled by 
A1 and A2 in the total spectrum. These peaks mainly come from the 
edge site atom. In the spectrum at  the edge carbon atom, the π* 
peak vanishes due to the sp3 carbon atom bonded to two hydrogen 
and two carbon atoms. Then, instead of the π* peak, the double peak 
is observed around 2.5eV. These peaks also can be seen in all  three 
directions of X, Y and Z, respectively in Figure 5.10. These 
directions correspond to the orientations of two C-H bonds 
connected to the edge carbon atom. Moreover these peaks  are not 
seen in the spectra of non-passivated AGNRs, therefore this double 
peak is attributed to σ* peak of C -H bonding. In the total spectrum, 
this double peak corresponds to the shoulder of the π* peak and the 
peak A1. Around 5.3eV, in the spectrum of edge carbon atom, a 
prominent peak corresponding to A2 appears. This peak is attributed 
to the σ* peak of the edge carbon atom because the peak is mainly 
seen in X and Y direction in Figure 5.10, and has red-shifted from 
2.9eV at the other atomic sites.  This shift can be understood by the 
fact that the bond length at the edge site becomes  longer due to the 
hydrogen saturation on the edge carbon atom.  
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Figure 5.9: (a) Relaxed structure of  di-hydrogenated 8-AGNR 
(b) the atom-resolved EELS spectra.  The top plot  shows the 
total spectrum averaged over all  possible core -hole s ites .  
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Figure 5.10: Polarised EELS spectra of  di -hydrogenated  8-
AGNR with (a) X-axis,  (b) Y-axis,  (c)  Z-axis.  The top plots  
show the total spectr a averaged over al l  possible core-hole  
sites.  
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5.2. Zigzag GNRs (ZGNRs) 
The theoretical EELS calculations are performed for different 
ribbon width with non-passivation, self-passivation, hydrogen 
passivation and Klein edge in ZGNRs. In this section, we report t he 
calculated EELS spectra and the dependence on the atomic site,  
ribbon width and the edge modification.  
In chapter 4,  it  was confirmed that  the magnetism in ZGNRs with 
non-passivation and mono-hydrogen passivation emerge. However,  
the effect  of spin polarisation on EELS spectra  was very small.  
Figure 5.11 displays the EELS spectra for the edge atom in non -
passivated 4-ZGNRs as an example. The solid red line and the black 
dashed line represent EELS with non -spin-polarisation and spin-
polarisation, respectively.  These two spectra are almost identical 
although some small discrepancy exists. Therefore,  the EELS 
calculations in this chapter don’t  include the spin polarisation.  
5.2.1. Non-passivation 
The relaxed structures of non-passivated ZGNRs with different 
width N = 3-7 are shown in Figure 4.6. The characterist ic is the 
dangling bond at  the edge. The edge carbon atoms of bare ZGNRs 
are more active than that of bare  AGNRs due to the presence of this 
dangling bond. First,  by performing EELS calculations 
systematically,  we demonstrate the relationship between the EELS 
spectrum and the ribbon width.  Next,  we pay attention to the edge 
structure which is characteristic of  non-passivated ZGNRs, and 
analyse in detail .   
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5.2.1.1. Ribbon width 
Figure 6.7 shows the total  EELS spectra calculated for four 
different widths.  The top plot  indicates the calculated E ELS 
spectrum of graphene for  reference purposes. Unlike the AGNRs 
case,  the total  EELS spectra of ZGNRs converge slowly to the EELS 
spectrum of graphene as the ribbon width becomes wider.  This 
could be understood as the strong effect  of the dangling bonds  at  
the edge. In the spectra of the ribbons, the peaks at approximately 
1-2 eV and the peaks around 7 -11 eV can be identified as the π*  
peaks and σ* peaks respectively. Note that  the first  peak around 0 
eV appears in  EELS spectra for all  ribbon widths although there is  
no similar signal below the π* peak in  graphene. These peaks  can be 
Figure 5.11:  The EELS spectra for the edge atom in non -
passivated 4 -ZGNRs.  The solid red line and the black dashed 
line represent EELS with non-spin-polarisation and spin -
polarisation, respectively.  
5 Electronic structure and EELS spectra of GNRs
 
 
70 
 
predicted to come from the edge carbon atoms because these first  
peaks are the new feature in the ribbons and also the intensit ies of 
these peaks relatively decrease as the ribbon width become wider.  
Next, we will focus on the ribbon width N= 4 as an example ZGNR 
in order to undertake the detailed analysis.  (The atomic resolved 
EELS spectra of N=3 and 5 -8 are shown in Appendix A.)  
 
 
 
 
 
 
  
Figure 5.12: EELS spectra of  ZGNRs with different widths 
N=3-6. The top l ine is  the EELS spectrum of  graphene  sheet .  
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5.2.1.2. Atomic resolved and 
Polarised spectroscopy 
Figure 5.13 shows (a) the relaxed structure of the non -passivated 4-
ZGNR and (b) the atomic resolved EELS spectra. In this case,  
independent core-holes insert  into one of the four distinct  atoms in 
different environments. The EELS calculations were performed with 
the each excited atom labelled by the number 1 to 4 . Each spectrum 
was normalised by the area under the EELS spectra so that total 
integrated EELS =1. A total spectrum is obtained by averaging over 
the individual spectra.  Figure 5.14 shows the results of EELS 
calculations with polarised electric ﬁeld  and orientation in the 
direction of the (a) X, (b) Y and (c) Z-axis respectively.  In bulk 
graphene, when the direction of applied electric ﬁeld is X and Y 
axis, transition into the anti-bonding states of σ  symmetry are 
allowed. When the direction of the applied electric ﬁeld is Z axis,  
transitions into the anti-bonding states of π symmetry are  allowed.  
In Figure 5.13, the atomic resolved spectrum shows the first  peak at  
edge carbon atom makes a large contribution to the first peak  in the 
total  spectrum as expected. For non-passivated ZGNR, the presence 
of the edge state and dangling bond state in the vicinity of the 
Fermi energy was reported [34].  Therefore this peak can be assigned 
to the transition into the unoccupied state which is a mixture of  the 
edge state and the dangling bond state.  In Figure 5.14, this first 
peak at the edge atom is mainly observed in (c) Z-direction. 
However, a small peak is also observed in (a)  X-direction and (b) 
Y-direction. These peaks in X-Y plane can be assigned to the 
transition into unoccupied dangling bond state because they 
disappear completely by terminating dangling bonds with hydrogen 
atoms as seen in Figure 5.19 (a) and (b). The peaks around 2 to 6 
eV are present in the spectra of each site and appear in the (c) Z-
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direction. Therefore these peaks can be assigned to π*  peak. The 
peaks around 7 to 10 eV appear in the (a) X-direction and (b) Y-
direction. Therefore these peaks can be assigned to σ*  peak.  
 
 
Figure 5.13:  (a)  The relaxed structure of  non-passivated 4-
ZGNR and (b)  EELS spectrum for each core-hole atom. The 
top plot shows the total spectrum averaged over al l  possible  
core-hole sites .   
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Figure 5.14: (a) Polarised EELS spectra with (a) X-axis,  (b)  
Y-axis and (c) Z-axis .  The top plots show the total spectra 
averaged over all  possible  core -hole s ites .  
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5.2.2. Self-passivation 
Figure 5.15(a) shows the relaxed structure of a reconstructed 5-
ZGNR. The ten carbon atoms in different environments of this 
supercell are labelled as number 1 to 10. The X and Y -axes are in-
plane and the Z-axis is perpendicular to the graphene nano -ribbon. 
Figure 5.15(b) shows the results of independent EELS calculations 
for atoms 1 to 10 with unpolarised electric field. The to p plot  is the 
total  EELS spectrum which was obtained by averaging over the 
individual spectra. Figure 5.16 (a), (b) and (c) show the results of 
independent EELS calculations for atoms 1 to 10, now with a 
polarising electric field oriented in the direction of the X, Y and Z-
axis respectively.  The top plot  is  the tota l polarised EELS spectrum 
for each orientation which was obtained by averaging over the 
individual site-resolved spectra.   
In Figure 5.15 (b), the four peaks are labelled by S1 to S4 in the 
total  spectrum. The features of this curve are very similar to the 
spectrum of non-passivated AGNRs. These atomic resolved spectra 
show the first peak at the edge carbon atom make a big contribution 
to the peak S1 at  the total  spectrum. In Figure 5.16, this first peak 
at the edge atom is observed in the X-direction. Therefore this peak 
can be assigned to the transit ion into anti-bonding π* state of the 
triple bonds in X-Y plane. The peaks corresponding to the peak S2 
are present in the spectra for a core-hole at all  atomic sites and 
appear in the Z-direction polarised spectrum as shown in Figure 
5.16 (c).  Therefore the peak P2 can be assigned to be a π*  peak. The 
peaks S3 and S4 appear in the Figure 5.16 for X-direction 
polarisation and for  Y-direction polarisation. Therefore the peaks 
S3 and S4 can be assigned to be σ*  peaks and in particular,  the peak 
S4 has a large contribution from inner carbon atoms labelled 4 to 7.  
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Figure 5.15: (a) A relaxed structure of  reconstructed 5-ZGNR 
and (b) the atom-resolved EELS spectra. The top plot shows 
the total spectrum averaged over al l  possible core-hole  s ites .  
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Figure 5.16: Polarised EELS spectra with (a) X-axis,  (b) Y-
axis,  (c) Z-axis.  The top plots  show the total spectrum 
averaged over all  possible  core -hole s ites .  
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5.2.3. Hydrogen passivation 
The relaxed structures of  ZGNRs with the different number of 
hydrogen atoms bonded to the edge carbon atom are shown in 
Figure 4.10. In this section, by performing EELS calculations 
systematically,  we demonstrate the effect of hydrogen modification 
at the edge on the EELS spectra , and analyse the results in terms of 
the electronic states.   
Figure 5.17 shows the total EELS spectra of 3 -ZGNR with non-
passivation for reference purposes, mono-hydrogenation and di-
hydrogenation.  The number of hydrogen atoms bonded to each edge 
carbon atom has a dramatic influence on the EELS spectra. Each 
spectrum can be clearly distinguished. Especially,  the first peak at  
the non-passivated ribbon is greatly decreased by mono -
hydrogenation.  Additionally, the first peak vanishes  completely by 
adding one more hydrogen atom on mono-hydrogenated edge carbon 
atom. In di-hydrogenated ribbon, two prominent  peaks appear 
between π*  and σ*  peaks. They are also identifiable features.  In 
order to proceed with a detailed analysis,  we focus on atom-
resolved EELS spectra in  each spectrum.  
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5.2.3.1. Mono-hydrogenation 
Figure 5.18 shows (a) the relaxed structure of the monohydrogen 
passivated 3-ZGNR and (b) the atomic resolved EELS spectra. In 
this case, the independent core-holes are inserted into three distinct  
atomic sites  in different environments.  The EELS calculations were 
performed for each atomic site.  Each spectrum was normalised by 
the area under the EELS spectra so that total  integrated EELS =1.  A 
total  spectrum is obtained by averaging over the individual site 
resolved spectra. Figure 5.19 shows the polarised results of EELS 
calculations with the polarised electric ﬁeld  oriented in the 
direction of the (a) X, (b) Y and (c) Z-axis respectively.  In 
graphene sheet , when the direction of applied electric ﬁeld is  X and 
Y axis, transition into the anti-bonding σ* states are allowed. When 
Figure 5.17: Total EELS spectra of  3 -ZGNR with non-
passivation for reference purposes,  mono-hydrogenation and 
di-hydrogenation.  
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the direction of applied electric ﬁeld is  Z axis, transitions into the 
anti-bonding π* states are allowed.   
The π*  and σ*  peak are clearly observed in the total  EELS spectrum 
as seen in Figure 5.18. These peaks also can be seen in the polarised 
spectra for directions of Z axis and X-Y plane in Figure 5.19, 
respectively.  The peak below π*  peak in total spectrum is 
considered the transition into the unoccupied edge state and the 
intensity is  extremely reduced due to the elimination of dangling 
bonds by hydrogen passivation.  The peaks (dashed circle) between 
the π*  and σ*  peaks are labelled “M”  in the total  spectrum in Figure 
5.18. These M-peaks are predicted to be attributable to  the 
transition into  C-H anti-bonding state, because these peaks are not 
present in  non-passivated ZGNRs. However,  the atom-resolved 
EELS spectra show that these M-peaks also relate to two sites , other 
than the edge atom where hydrogen atoms have been added. Hence, 
the M-peaks cannot  be assigned to pure σ*(C-H). Here,  we focus on 
the polarised EELS in order to perform a detailed analysis  of these 
peaks. In Figure 5.19 (a) X-direction, the peaks (dashed circle)  
belonging to the same area as the M-peaks are observed at the edge 
atom. These peaks can be attributed  to pure σ*(C-H) due to the 
direction of C-H bonding and are the identifiable feature for 
monohydrogenated GNRs.  Meanwhile the peaks belonging to the 
same area as the M-peaks are observed at  all three site in Figure 
5.19 (c) Z-direction.  These peaks are considered attributable to π*  
peaks due to the direction of polarisation . Based on the above 
analysis, the peaks,  labelled “M”  in the total  spectrum can be 
assigned to the unoccupied mixture state of π*  and σ*(C-H).  
Figure 5.20 shows the projected density-of-states (PDOS) for 
excited edge carbon atom in monohydrogen passivated 3-ZGNR. In 
order to compare the peaks, the atom -resolved EELS spectrum for 
the same atom is shown in the upper plot.  As discussed in the 
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previous section 5.1.2, by reference to PDOS, the origins of π*  and 
two σ*  peaks can be confirmed by atomic orbitals, and the validity 
of the peak assignments can be supported.  
 
 
 
Figure 5.18: (a) A relaxed structure of  mono-hydrogen 
passivated 3-ZGNR and (b) the atom-resolved EELS spectra.  
The top plot shows the total spectrum averaged over al l  
possible  core-hole s ites.   
5 Electronic structure and EELS spectra of GNRs
 
 
81 
 
 
Figure 5.19:  Polarised EELS spectra of  monohydrogenated  5-
ZGNR with (a) X-axis,  (b) Y-axis,  (c) Z-axis.  The top plot  
shows the total  spectrum averaged over al l  possible  core -hole  
sites.  The dashed circle indicates pure σ*(C-H) peaks.  
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Figure 5.20: (Above) Theoretical  EELS spectrum and (Below) 
projected density -of-states (PDOS) for excited edge carbon 
atom in mono-hydrogen passivated 3-ZGNR. 
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5.2.3.2. Di-hydrogenation 
Figure 5.21 shows (a) the relaxed structure of the dihydrogen 
passivated 3-ZGNR and (b) the atomic resolved EELS spectra. In 
this case, independent core-holes were inserted into three distinct 
atomic sites  in different environments.  The EELS calculations were 
performed for each atomic site.  Each spectrum was normalised by 
the area under the EELS spectra so that total  integrated EELS =1.  A 
total  spectrum is obtained by averaging over the  individual spectra.  
Figure 5.22 shows the results of EELS calculations with polarised 
electric ﬁeld  and orientation in the direction of the (a) X, (b) Y and 
(c) Z-axis respectively.   
The π*  and σ*  peaks are clearly observed in the total  EELS 
spectrum as seen in Figure 5.21. These peaks also can be seen in the 
direction of Z axis and X-Y plane in Figure 5.22, respectively.  The 
two peaks between π*  and σ*  peak are labelled by D1 and D2 in the 
total  spectrum. These peaks mainly come from  the edge site atom. 
The π*  peak vanishes at  the edge site due to the sp3 carbon atom 
bonded to two hydrogen and two carbon atoms . The two prominent 
peaks corresponding to D1 and D2 appear below the σ*  peak. These 
peaks can be seen in (a) X-direction and (c) Z-direction in Figure 
5.22. These directions correspond to the directions of two C-H 
bonds connected to the edge carbon atom and assigned to σ*(C-H) 
peak. The D1 peak is also related to two inner carbon sites although 
the contribution is small . The corresponding peaks at these atoms 
are observed only in Figure 5.22 (c) Z-direction. Therefore,  these 
peaks can be assigned to spli t π*  peak.  Judging from these results ,  
the D1 peak in total spectrum can be assigned to the unoccupied 
mixture state of π*  and σ*(C-H).  The D2 peak can be assigned to 
pure σ*(C-H) peak. 
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Figure 5.21: (a)  Relaxed structure of  di-hydrogenated 3-
ZGNR (b) the atom-resolved EELS spectra. The top plot  
shows the total  spectrum averaged over al l  possible  core -hole  
sites.  
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Figure 5.22: Polarised EELS spectra of  di -hydrogenated  5-
ZGNR with (a) X-axis,  (b) Y-axis,  (c)  Z-axis.  The top plots  
show the total spectr a averaged over al l  possible core-hole  
sites.  
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5.2.4. Klein edge GNRs 
As described in sect ion 4.2.4,  the trihydrogenated edge is the most 
stable Klein edge. In this section, we report  the EELS spectra of 
this most stable Klein edge structure.  Figure 5.23 shows (a) the 
relaxed structure of the 3 -ZGNR with trihydrogenated Klein edge 
and (b) the atomic resolved EELS spectra. In this case, the core -
hole was inserted into four distinct atoms in di fferent environments.  
The EELS calculations were performed for each atom. Each 
spectrum was normalised by the area under the EELS spectra so that 
total  integrated EELS =1.  A total spectrum is obtained by averaging 
over the individual spectra. Figure 5.24 shows the results of EELS 
calculations with polarised electric ﬁeld and orientation in the 
direction of the (a) X, (b) Y and (c) Z -axis respectively.   
The σ* peak is  clearly observed in the total  EELS spectrum as seen 
in Figure 5.23. These peaks also can be seen in the X -Y plane in 
Figure 5.24. The first strong peaks at inner carbon site s labelled 3 
and 4 are assigned to π* peaks. The peak at  around 2 eV in total  
EELS spectrum is composed of these π* peaks. Therefore ,  the peak 
at around 2 eV in total EELS spectrum can be assigned to π* peak.  
The two peaks between π* and σ* peak are labelled by K1 and K2 in 
the total  spectrum. These peaks mainly come from edge site atom. 
At the spectrum from the edge si te,  the π* peak vanishes because 
the edge atom is sp3 carbon atom bonded to three hydrogen atoms 
and one carbon atom. The two prominent peaks corresponding to K1 
and K2 appear below the σ* peak. These peaks can be seen in the X-
Y plane and mainly (c) Z-direction in Figure 5.24, respectively.  
These directions correspond to the directions of two C-H bonds 
connected to the edge carbon atom and assigned to σ*(C-H) peak. 
The K1 and K2 peak are also related to the  inner carbon sites. The 
corresponding peaks at these atoms are observed only in Figure 5.24 
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(c) Z-direction. Therefore,  these peaks can be assigned to split π* 
peak. Judging from these results, the K1 and K2 peak in total  
spectrum can be assigned to transition into the unoccupied mixture 
state of π and σ(C-H) bond.  
 
 
 
Figure 5.23: (a) A relaxed structure of  3-ZGNR with 
trihydrogenated Klein edge  and (b) the atom-resolved EELS 
spectra. The top l ine is the total spectrum.  
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Figure 5.24: Polarised EELS spectra with the direction (a) X -
axis,  (b) Y-axis,  (c)  Z-axis.  
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5.3. Conclusion 
In conclusion, we have reported the first  systematic study of EELS 
spectra of GNRs. Our results reveal that  spectral features are 
largely affected by the atomic site,  ribbon width, edge -shape and 
edge modification.  Using these spectral  differences , EELS spectra 
can be a useful tool for analysis.  In particular, in anisotropic 
materials such as  GNRs, EELS spectra obtained from polarised 
condition can be used as a fingerprint for detailed information. For 
instance, in the case of triple bonds, the first sharp peak at the edge 
carbon atom in polarised EELS along the x-direction is the 
identifiable feature as seen in Figure 5.3 (a) and Figure 5.16 (a). In 
case of hydrogenation, the first peak at the edge carbon atom in 
polarised EELS along the direction corresponding to the orientation 
of the C-H bonding is the identifiable feature as seen in Figure 5.7 
(a) (b),  Figure 5.19 (a) and Figure 5.22 (a) (c).  
 
  
 
6. Summary and Future Work 
6.1. Summary 
In this thesis ,  the detailed EELS data of graphene nano-ribbons 
(GNRs) based on the atomic and the electronic structure were 
reported.  
In Chapter 4,  we initially focused on the bare zigzag and armchair 
edge as the basic structures.  Then, we investigated the effect on 
both the structures and the magnetism of edge modifications such as 
hydrogen modification, reconstructed edge and the Klein edge.  As a 
result , in both the AGNRs and the ZGNRs, the edge structures 
saturated with two hydrogen atoms were found to be the most stable ,  
respectively.  In particular,  the armchair ribbon modified by two 
hydrogen atoms was found to be the most stable in all structures 
investigated within this work. With regard to magnetic properties,  
only ZGNRs unsaturated by hydrogen exhibit  magnetism 
(antiferromagnetism).  
In Chapter 5,  the theoretical  spectra gained from CASTEP 
calculations indicate that the spectral features are largely affected 
by the atomic site, ribbon width, edge -shape and edge modification.  
As an example,  Figure 6.1 shows the EELS spectra of the edge 
carbon atoms in all types of the GNRs investigated within this work.  
Each ribbon width is  about the same. These spectra are arranged on 
the basis of the results of the energetic stability in chapter  4, and 
the top plot is the spectrum of the edge carbon atom in the most 
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energetically-favourable AGNR with di-hydrogenation. In each 
spectrum, the characteristic peaks are identified clearly and the 
differences depend highly on the edge shapes and edge 
modifications . Using spectral differences  such as these,  EELS 
spectra can be a useful tool for structural  analysis.  In particular, in 
anisotropic materials such as  GNRs, EELS spectra can be used as a 
fingerprint  for detailed information. For instance, in the case of 
triple bonds, the characteristic feature appears in plane. In case of 
hydrogenation, the characteristic features appear in the direction 
corresponding to the orientation of the C -H bonding.  
These results will be able to contribute to the analysis of future 
experimental work on GNRs. 
 
6.2. Future work 
The properties  of GNRs strongly depend on the edge modification 
and the defects.  This thesis covered non-passivated and hydrogen 
passivated GNRs. However, for example, GNRs with oxygen also 
show the property of magnetism  and are getting a lot  attention  as 
organic half-metallic materials  [41] [42], and other experiment 
shows that  GNRs with nanopores have large-magnitude 
ferromagnetism and promises to be a graphene magnet  [43]. For 
these materials,  the EELS analysis is an appropriate tool because 
this technique is very sensitive to the chemical environment  as we 
reported in this thesis . Further studies of the various ribbons 
investigated look promising.  
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Figure 6 .1:  (a) A structures of  3-ZGNR and 5-AGNR and (b)  
the atom-resolved EELS spectra of  edge carbon atoms.  The 
spectra are arranged by the energetic  stabili ty.  Klein,  Z,  A,  
reczag represent GNRs with Klein edge, z igzag edge,  
armchair edge and reconstructed zigzag edge, respectively.  H 
represent hydrogen atoms added on an edge carbon  atoms.  
 
  
 
Appendix A  
  EELS spectra of GNRs  
A.1 Non-passivated AGNRs 
In section 5.1.1.  the effect of the ribbon width on the EELS spectra 
were shown and then we focused on the ribbon width N=9 as an 
example.  Here,  we present atom-resolved EELS spectra of ribbon 
width N=5-8 which could not be shown. 
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Figure A.  1:  (a)  The relaxed structure of  non -passivated 5-
AGNR and (b) EELS spectrum for each core -hole atom. The 
top plot shows the total spectrum averaged over al l  possible  
core-hole sites.  
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Figure A.  2:  (a)  The relaxed structure of  non -passivated 6 -
AGNR and (b) EELS spectrum for each core -hole atom. The 
top plot shows the total spectrum averaged over al l  possible  
core-hole sites.  
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Figure A.  3:  (a)  The relaxed structure of  non -passivated 7 -
AGNR and (b) EELS spectrum for each core -hole atom. The 
top plot shows the total spectrum averaged over al l  possible  
core-hole sites.  
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Figure A.  4:  (a)  The relaxed structure of  non -passivated 8-
AGNR and (b) EELS spectrum for each core -hole atom. The 
top plot shows the total spectrum averaged over al l  possible  
core-hole sites.  
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A.2 Non-passivated ZGNRs 
In section 5.2.1.  the effect of the ribbon width on the EELS spectra 
were shown and then we focused on the ribbon width N=4 as an 
example.  Here,  we present atom-resolved EELS spectra of ribbon 
width N=3, 5, 6 which could not be shown.  
 
 
 
Figure A.  5:  (a)  The relaxed structure of  non -passivated 3 -
ZGNR and (b)  EELS spectrum for each core -hole atom. The 
top plot shows the total spectrum averaged over al l  possible  
core-hole sites.  
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Figure A.  6:  (a)  The relaxed structure of  non -passivated 5 -
ZGNR and (b)  EELS spectrum for each core -hole atom. The 
top plot shows the total spectrum averaged over al l  possible  
core-hole sites.  
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Figure A.  7:  (a)  The relaxed structure of  non -passivated 6 -
ZGNR and (b)  EELS spectrum for each core -hole atom. The 
top plot shows the total spectrum averaged over al l  possible  
core-hole sites.  
  
 
Appendix B  
The modelling of layer 
separation and vacuum gap 
B.1  The effect on the total energy 
In order to decide the layer distance (perpendicular  to the ribbons) 
and vacuum gap (in-plane) in unit  cells of GNR, the total energy is 
calculated step by step , while changing the lattice constants. Figure 
B.1 displays the total  energy versus the lattice constants for non -
passivated 4-ZGNR. Both total  energies show convergence as the 
lattice constants increase.  As a result, the total energy for layer  
distance and vacuum gap converged  at  7    and 5   ,  respectively.  
Hence, in order to calculate isolated GNRs, in this thesis, the layer  
distance and the vacuum gap were set  to be 7    and 5   ,  respectively.  
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B.2  The effect on the EELS spectra 
In this section, we discuss whether the lattice constant determined 
in section B.1 is also sufficient for EELS calculation. Figure B.2 
shows the atom-resolved EELS spectra for non-passivated 3-ZGNR 
with 5 and 10   vacuum gaps. These two spectra at each site show 
very similar profiles,  aside from very slight discrepancies;  therefore 
it has been confirmed that this is also  a sufficient vacuum gap for 
EELS calculations. Figure B.3  indicates the atom-resolved EELS 
spectra for non-passivated 3-ZGNR with 7 and 14   layer distances.  
These two spectra at  each site mostly agree with each other except 
around 24eV, where some discrepancy persists . The peaks at 
approximately 24eV in the 7 -layer distance model disappear in the 
14 -layer distance model. These peaks are therefore considered to 
be caused by interaction between adjacent layers. In order to 
Figure B.1:  Total energy versus  lattice constant for non-
passivated 4-ZGNR. The red circles  (green triangle s)  
represent total energy for the latt ice constant along the layer  
(width) direction.   
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analyse electronic state in this region, it  is necessary to further  
expand the layer spacing.    
   
 
 
 
Figure B.2:  The atom-resolved EELS spectra for non -
passivated 3-ZGNR with 5  (sol id red line)  and 10   (dashed 
black line) vacuum gap.  
Figure B.3:  The atom-resolved EELS spectra for non-
passivated 3-ZGNR with 7  (sol id red line)  and 14   (dashed 
black line) layer distance.  
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